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One of the currently most relevant resistance mechanisms in Enterobacteriaceae is the production of enzymes that lead to mod-
ern expanded-spectrum cephalosporin and even carbapenem resistance, mainly extended-spectrum �-lactamases (ESBLs) and
carbapenemases. A worrisome aspect is the spread of ESBL and carbapenemase producers into the environment. The aim of the
present study was to assess the occurrence of ESBL- and carbapenemase-producing Enterobacteriaceae and to further character-
ize ESBL- and carbapenemase-producing Enterobacteriaceae in rivers and lakes in Switzerland. ESBL-producing Enterobacteria-
ceae were detected in 21 (36.2%) of the 58 bodies of water sampled. One river sample tested positive for a carbapenemase-pro-
ducing Klebsiella pneumoniae subsp. pneumoniae strain. Seventy-four individual strains expressing an ESBL phenotype were
isolated. Species identification revealed 60 Escherichia coli strains, seven Klebsiella pneumoniae subsp. pneumoniae strains, five
Raoultella planticola strains, one Enterobacter cloacae strain, and one Enterobacter amnigenus strain. Three strains were identi-
fied as SHV-12 ESBL producers, and 71 strains carried genes encoding CTX-M ESBLs. Of the 71 strains with CTX-M ESBL genes,
8 isolates expressed CTX-M-1, three produced CTX-M-3, 46 produced CTX-M-15, three produced CTX-M-55, one produced
CTX-M-79, six produced CTX-M-14, and four produced CTX-M-27. Three of the four CTX-M-27 producers belonged to the
multiresistant pandemic sequence type E. coli B2:ST131 that is strongly associated with potentially severe infections in humans
and animals.

One of the currently most important resistance mechanisms in
members of the family Enterobacteriaceae that reduces the

efficacy of modern expanded-spectrum cephalosporins is based
on the plasmid-mediated production of enzymes that inactivate
these compounds by hydrolyzing their �-lactam ring. Such resis-
tance is caused by an increasing number of different point muta-
tion variants of classical broad-spectrum �-lactamases (BSBLs),
the so-called extended-spectrum �-lactamases (ESBLs). Many
ESBLs are members of TEM and SHV �-lactamase families,
whereas other groups, such as CTX-M, OXA, and PER �-lactama-
ses have been described more recently (1, 2). Since the first de-
scription of ESBL-producing Enterobacteriaceae isolated from
hospitalized humans, many nosocomial outbreaks and later, com-
munity-associated infections have been reported worldwide (3).
Recently, ESBL-producing strains have also emerged in healthy
human carriers (4), in healthy food-producing animals (5, 6), and
household pets (7) as well as on food products like meat, fish, and
raw milk (6).

Carbapenemases are a diverse group of �-lactamases belong-
ing to the Ambler classes A, B, and D or Bush groups 2f, 3, and 2d,
respectively (2), that even inactivate carbapenems. Class A carbap-
enemases (Bush group 2f) include the serine �-lactamases NmcA,
Sme, IMI-1, and SFC-1 which are chromosomally encoded, as well
as the clinically common plasmid gene-encoded KPC enzymes.
Carbapenemases of this class are inhibited by clavulanic acid.
Class B carbapenemases (Bush group 3) comprise the integron-
encoded VIM types, the IMP, GIM-1, SPM-1,and SIM types of
enzymes, and the plasmid gene-encoded NDM-1 carbapenemase.
These metallo-�-lactamases are inhibited by EDTA but not by
clavulanic acid. Class D (Bush group 2d) consists of OXA-48-type
carbapenemases, which are encoded by plasmid genes, and not
inhibited by EDTA and not inhibited or only weakly inhibited by

clavulanic acid. In the last 5 years, carbapenemase-producing En-
terobacteriaceae have been increasingly reported in humans
worldwide (8). Moreover, recent data prove that in some coun-
tries, pigs (9) and cattle (10) also constitute a possible reservoir of
carbapenemase producers.

A worrisome aspect is the spread of ESBL and carbapenemase
producers into the environment, especially bodies of water. Rivers
are considered to be of special importance as a reservoir of resis-
tance genes since they are recipients of bacteria from different
sources. The aim of the present study was (i) to assess the occur-
rence of ESBL- and carbapenemase-producing Enterobacteriaceae
in rivers and lakes in Switzerland and (ii) to further characterize
isolated strains.

MATERIALS AND METHODS
Sampling. Between May and September 2012, a total of 58 different rivers
(n � 40) and lakes (n � 18) in the German-speaking part of Switzerland
were sampled, 14 of which were at altitudes higher than 1,000 m above sea
level (Fig. 1).

Microbiological analysis. From each water sample, 500 ml was con-
centrated by filtration through sterile 0.45-�m membrane filters (Milli-
pore, Billerica, MA, USA). The filters were incubated for 24 h at 37°C in 10
ml of EE broth (Becton, Dickinson, Heidelberg, Germany) for enrich-
ment. One loopful of each of the enrichment cultures was inoculated onto
chromogenic Brilliance ESBL agar and Brilliance CRE agar (Oxoid,
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Hampshire, United Kingdom) to select for ESBL and carbapenemase pro-
ducers, respectively, and incubated at 37°C for 24 h under aerobic condi-
tions. All colonies with different coloration and morphology were picked
from the selective plates and subcultured on sheep blood agar (Difco
Laboratories) (5% sheep blood [SB055; Oxoid]) at 37°C for 24 h. Oxidase-
negative isolates were thereafter subjected to identification by API ID 32 E
(bioMérieux, Marcy l’Etoile, France). Some strains, yielding doubtful re-
sults, were subjected to genetic identification based on sequencing of rpoB
gene fragments (11).

Antimicrobial susceptibility testing and ESBL confirmation. All iso-
lated strains were subjected to susceptibility testing against 13 antimicro-
bial agents by the disc diffusion method according to CLSI protocols and
evaluated according to CLSI criteria (12). The antibiotics tested were am-
picillin (AM), amoxicillin-clavulanic acid (AMC), cephalothin (CF),
cefotaxime (CTX), ciprofloxacin (CIP), gentamicin (GM), tetracycline
(TE), streptomycin (S), chloramphenicol (C), kanamycin (K), nalidixic
acid (NA), sulfamethoxazole (SMZ), and trimethoprim (TMP) (Becton,
Dickinson, Heidelberg, Germany). The AMC disc was placed next to the
disc containing CTX, and thus, the resulting double-disc synergy effects
were documented. ESBL production was confirmed by Etest-ESBL strips
containing cefotaxime, ceftazidime, and cefepime alone and in combina-
tion with clavulanic acid (bioMérieux, Marcy l’Etoile, France) following
the manufacturer’s protocols. Additionally, MICs of imipenem were de-
termined for all strains using Etest strips (bioMérieux, Marcy l’Etoile,
France). Strains exhibiting resistance to three or more antibiotic classes
were classified as multidrug resistant.

Characterization of �-lactamases. Bacterial strains confirmed for
producing ESBLs were further analyzed by PCR. DNA was extracted by a
standard heat lysis protocol. Thereafter, five specific primer sets (custom
synthesized by Microsynth, Balgach, Switzerland) were used to screen for

�-lactamase-encoding genes belonging to the blaTEM, blaSHV, and
blaCTX-M families (13, 14, 15). Carbapenem-resistant isolates were
screened for blaVIM, blaKPC, blaNDM-1, and blaOXA-48 using previously
published primer pairs (16, 17).

The resulting amplicons were either purified directly using the PCR
purification kit (Qiagen, Courtaboeuf, France) according to the manufac-
turer’s recommendations or replaced by longer ones covering the entire
bla open reading frame (ORF) (15) in the case of blaCTX-M. Custom se-
quencing was performed by Microsynth (Balgach, Switzerland), and the
nucleotide and translated protein sequences were analyzed with CLC
Main Workbench 6.6.1. For database searches, the BLASTN program of
NCBI (http://www.ncbi.nlm.nih.gov/blast/) was used.

Determination of Escherichia coli phylogenetic groups. Phyloge-
netic analyses have shown that E. coli strains fall into four main phyloge-
netic groups (groups A, B1, B2, and D). Groups A and B1 typically contain
commensal isolates, while members of groups B2 and D are considered to
be opportunistic extraintestinal pathogens which often carry virulence-
associated genes (18). Standard heat lysis DNA extracts from E. coli iso-
lates were again used, and the phylogenetic groups were determined as
described previously (18).

Multilocus sequence typing (MLST) of ESBL producers either ex-
pressing CTX-M-27 or belonging to the E. coli phylogenetic group B2.
Internal fragments of 7 housekeeping genes (adk, fumC, gyrB, icd, mdh,
purA, and recA) were sequenced (19) and alleles and sequence types (ST)
were assigned in accordance with the E. coli MLST website (http://mlst
.ucc.ie/mlst/dbs/Ecoli).

RESULTS

ESBL-producing Enterobacteriaceae were detected in 21 (36.2%)
of the 58 rivers and lakes sampled. They were strictly confined to

FIG 1 Map showing bodies of water, urban areas, and altitude discrimination as well as sample locations and ESBL/carbapenemase status. (Map source, Federal
Office of Topography [swisstopo].)
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urban areas (Fig. 1). No ESBL producers were found in bodies of
water more than 1,000 m above sea level. One river sample (1.7%)
tested positive for a carbapenemase-producing Klebsiella pneu-
moniae subsp. pneumoniae strain harboring blaVIM. From the
bodies of water where ESBL-producing Enterobacteriaceae were
detected, 74 different isolates showing the ESBL phenotype could
be isolated. Species identification revealed 60 E. coli strains, seven
Klebsiella pneumoniae subsp. pneumoniae strains, five Raoultella
planticola strains, one Enterobacter cloacae strain, and one Entero-
bacter amnigenus strain (Fig. 2). These isolates were further
screened for bla genes encoding SHV, TEM, CTX-M group 1,
CTX-M group 2, or CTX-M group 9 enzymes. Three strains
(4.1%) (OW55E1, OW3E1, and OW96E1) were identified as
SHV-type ESBL producers, and 71 strains carried genes coding for
CTX-M ESBLs. Sixty-one of the blaCTX-M genes detected belonged
to CTX-M group 1 (82.4% of the total blaESBL genes), 10 belonged
to CTX-M group 9 (13.5%), and none belonged to CTX-M group
2. Further PCR analyses and sequencing revealed that eight iso-
lates expressed CTX-M-1 (10.8%), three expressed CTX-M-3
(4.1%), 46 expressed CTX-M-15 (62.2%), three expressed CTX-
M-55 (4.1%), one expressed CTX-M-79 (1.4%), six expressed
CTX-M-14 (8.1%), and four expressed CTX-M-27 (5.4%). The
blaSHV genes were sequenced only if an isolate showed an ESBL
phenotype and did not have a blaCTX-M gene. Strains OW55E1,
OW3E1, and OW96E1, which did not carry a blaCTX-M gene, all
expressed SHV-12 (4.1%). Besides their blaCTX-M-ESBL, 24 isolates
harbored an additional blaTEM gene, 3 isolates harbored a blaSHV

gene, and 4 isolates harbored a blaTEM gene plus a blaSHV gene
which, however, were all not responsible for the ESBL phenotype
but coded for either TEM-1 or SHV-11 BSBLs.

In order to detect clusters as possible indicators for common
origin, the blaCTX-M genes of the isolates were searched for silent
mutations. Interestingly, 70 of the 71 open reading frames (ORFs)
showed 100% DNA homology compared to their standard se-
quence as published by Jacoby and Bush (http://www.lahey.org
/Studies/), while only one blaCTX-M-14 ORF, from isolate OW34E1,
carried 3 silent mutations (data not shown). This indicated strong
conservation of blaCTX-M genes and provided insufficient discrim-
inatory power of silent mutations for epidemiological purposes.

All 74 isolates were resistant to ampicillin and the narrow-
spectrum cephalosporin cephalothin. Only 57 (77%) of the iso-
lates were found to be resistant to the expanded-spectrum cepha-
losporin cefotaxime in vitro, according to CLSI criteria, but of
course, all 74 would have to be reported as resistant in a clinical
context because of their blaESBL genotype. Four strains (5.4%)
showed resistance to amoxicillin-clavulanic acid. Since no evi-
dence for mechanistic resistance, such as the expression of an in-
hibitor-resistant TEM or SHV enzyme of the Bush-Jacoby group
2be or 2ber (2) was detected (data not shown), these phenotypes
were most likely due to (i) hyperexpression of accompanying
TEM-1 (strain OW78E1), (ii) hyperexpression of the ESBL itself
(OW8C2 and OW55C1), or (iii) the inducible chromosomally
encoded AmpC in strain OW91C1. Besides �-lactam resistance,
susceptibility to other classes of antibiotics was tested. Hereby, 27
(36.5%) isolates were resistant to gentamicin, 21 (28.4%) were
resistant to kanamycin, 34 (44.6%) were resistant to streptomycin,
44 (59.5%) were resistant to nalidixic acid, 34 (44.6%) were resis-
tant to ciprofloxacin, 50 (67.6%) were resistant to tetracycline, 17
(23%) were resistant to chloramphenicol, 63 (85.1%) were resis-

tant to sulfamethoxazole, and 55 (74.3%) were resistant to trim-
ethoprim.

Phylogenetic typing of the E. coli isolates showed that 33.8%
belonged to group A and 17.6% belonged to group B1, the two
groups that typically contain commensal isolates. In contrast,
17.6% and 12.2% of the isolates belonged to the pathogenicity-
associated extraintestinal E. coli groups D and B2, respectively.
MLST was performed on (i) strains belonging to phylogenetic
group B2, and (ii) E. coli expressing CTX-M-27 (Fig. 2). Eight of
the 10 genotyped strains belonged to the epidemiologically im-
portant sequence type ST131 (strains OW4E2, OW14E1,
OW15E1, OW15E2, OW18E2, OW77E1, OW86E2, and
OW89E1). One isolate showed the sequence type ST1722
(OW8E3), and OW91E1 exhibited a not yet assigned sequence
type (the different housekeeping genes and their alleles were adk-
40, fumC52, gyrB156, icd-14, mdh-245, purA25, and recA17).

DISCUSSION

The number of studies investigating rivers as potential reservoirs
of ESBL producers is still very limited (19, 20, 21, 22, 23), and data
from only one river (Seine River, Paris, France) in central Europe
are available (22). Rivers and lakes are considered especially rele-
vant as putative reservoirs of multiresistant bacteria, since they
collect surface waters containing materials from different origins,
e.g., wastewater plants, water of urban or industrial effluents, ag-
ricultural activities, or rain. Thus, they provide an immense resis-
tome, including pathogenic and nonpathogenic antibiotic-resis-
tant bacteria (24).

In this study, 58 rivers and lakes were sampled and screened for
the presence of ESBL- and carbapenemase-producing Enterobac-
teriaceae. The high occurrence of ESBL producers (36.2%) is wor-
risome, and even more so since Switzerland is a country with a
strict policy of antibiotic use (25). Since ESBL-producing Entero-
bacteriaceae were not found in bodies of water above an altitude of
1,000 m despite the fact that sampling took place during the alpine
farming season, one must consequently assume that the occur-
rence of ESBL producers is linked mainly to anthropogenic activ-
ities and intensive agriculture (Fig. 1). The predominance of
CTX-M group 1 enzymes (Fig. 2) correlated conspicuously with
results of studies in Switzerland investigating the occurrence of
blaESBL (i) in clinical isolates (26), (ii) in isolates from healthy
human carriers (15), and (iii) in isolates from food-producing
animals (6). CTX-M15 was predominantly found in humans, and
CTX-M1 was the predominant CTX-M type in farming animals,
such as chicken, cattle, and pigs. Furthermore, CTX-M-15 is cur-
rently the most common CTX-M type worldwide (1, 27), and it is
often associated with the pandemic E. coli strain B2:ST131 (28).

The representatives of CTX-M group 9 producers isolated in
this study mostly turned out to express CTX-M-14, and, to a lesser
extent CTX-M-27. Aside from CTX-M-15, CTX-M-14 is the most
common ESBL found in Enterobacteriaceae. Recently, CTX-M-
27-producing E. coli strains were also isolated from great cormo-
rants (Phalacrocorax carbo) in the Czech Republic and Slovakia
(29) and in Switzerland (30). Three of the four CTX-M-27-pro-
ducing isolates belonged to the worldwide pandemic multiresis-
tant E. coli B2:ST131 that is strongly associated with potentially
severe infection in humans and animals (28). Additionally, four E.
coli B2:ST131 isolates harboring blaCTX-M-15 and one E. coli B2:
ST131 isolate harboring blaCTX-M-14 were detected.

Furthermore, a few less-frequent CTX-M types such as CTX-
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FIG 2 Characteristics and antimicrobial susceptibility profiles of ESBL- and carbapenemase-producing Enterobacteriaceae isolated from Swiss rivers and lakes.
Symbols: black square, positive result or resistant to a specific antimicrobial agent; white square, negative result or susceptible to a specific antimicrobial; gray
square, intermediate toward a specific antimicrobial. Abbreviations: AM, ampicillin; AMC, amoxicillin-clavulanic acid; CF, cephalothin; CTX, cefotaxime; CIP,
ciprofloxacin; GM, gentamicin; TE, tetracycline; S, streptomycin; C, chloramphenicol; K, kanamycin; NA, nalidixic acid; SMZ, sulfamethoxazole; TMP,
trimethoprim.
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M-55 and CTX-M-79 were found in this study (Fig. 2). CTX-M-
55, an Ala77Val ceftazimidase variant of CTX-M-15, was first iso-
lated in Thailand (31). CTX-M-79, an Asp287Asn variant of CTX-
M-55 (Ambler numbering), was first detected in China (32). So
far, this enzyme had been isolated only from humans and farmed
fish in China and from cattle in Ohio, USA (33, 34). Interestingly,
SHV-12, first reported in Switzerland in 1997 (35), had been pre-
dominant in human clinical isolates in Switzerland and dissemi-
nated worldwide during the following decades but was detected in
the present study in only three environmental isolates.

It is worrisome that most ESBL-producing strains are fre-
quently cross-resistant to other classes of antimicrobial agents.
This is due to the fact that blaESBL genes are commonly located on
conjugative plasmids that also harbor genes conferring resistance
to other antibiotic classes such as quinolones and aminoglycosides
(36). It is of particular concern that all 74 ESBL isolates described
in this study expressed a multiresistance phenotype.

The presence of a carbapenem-resistant strain harboring
blaVIM isolated from one river in Switzerland is of further concern,
since carbapenems are crucial back-up antibiotics in human clin-
ical use. What is more, the prevalence of carbapenemase produc-
ers in our study may have been underestimated, since we had used
Brilliance CRE agar, which was most recently proved to lack suf-
ficient sensitivity in detecting OXA-48-type carbapenemase pro-
ducers (37). OXA-48 is of particular concern, because it appears to
have become the most important type in central Europe. Carbap-
enemase-producing strains have hitherto been detected in rivers
in the United States (38), China (20), France (39), and Portugal
(40), indicating that a global environmental dissemination is cur-
rently ongoing.

The spread of ESBL- and carbapenemase-producing Entero-
bacteriaceae in surface waters is highly worrisome. Appropriate
measures urgently need to be enforced in order to reduce the
anthropogenic burden of antibiotic resistance in the environ-
ment, such as judicious use of antibiotics in human and veterinary
medicine as well as in agriculture. In addition, improvement of
water status is of major concern. New strategies for the treatment
of wastewaters, e.g., the use of sand filters (41) or more-stringent
chlorine disinfection, need to be taken into consideration to pre-
vent resistant bacteria from being released into the aquatic envi-
ronment.
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